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Fresh foodAbstract Energy consumption in cold chains has been predicted to rise signiﬁcantly in view of the
increasing world population. Of critical attention is the increasing number of road transport refrig-
eration which is highly gaining enormous ground globally. In view of the fact that 40% of all foods
require refrigeration, 15% of world fossil fuel energy is used in food transport refrigeration. This
concern necessitates this study to examine cold chain system with the emphasis on the impact of
energy consumption in sustaining the shelf life of fresh food. As the world continues to battle with
the global warming occasioned by emission of carbon dioxide from fossil fuel, this study identiﬁes
alternative means of saving energy in food transportation system through minimizing energy
consumption in diesel engine driven vapour compression system. Preserving perishable fresh food
(mainly vegetable) under sub-zero weather is another debacle the authors envisaged in the quest
to reduce fossil fuel consumption. This process requires heating the mechanical refrigeration unit
in a reverse-cycle to raise the temperature at 0 C which may further result in more energy demand.
The conclusion drawn from this study could be useful in re-designing food transport system for
optimal energy saving.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Contents
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Prolonging shelf life of fresh food is vital in sustenance of
perishable raw food items. Preserving food is prevalent in
the world today as most homes engage in these practices
through refrigeration system [35]. Food transport system is
another medium of conveying fresh raw food to a possible
distant location and it is expected the transportation channels
are kept at low temperature conditions (4 C to 4 C) to
prolong shelf life and maintain quality of the products. In view
of the importance of food transport refrigeration system,
United Nation adopted an inter-governmental Agreement on
Transportation of Perishable food stuff (ATP) and this agree-
ment provides a speciﬁcation on insulated body and equipment
[31]. Refrigerated vehicles body walls are insulated against heat
transfer from ambient temperature into the cooling chamber
and ATP developed a blueprint for insulations and equipment
to reduce payload on vehicular engine. This agreement classi-
ﬁes transportation equipment (insulation and body wall) as
either normally insulated (where the overall heat transfer coef-
ﬁcient U is equal or less than 0.7 W/m2 K) or heavily Insulated
(in which U coefﬁcient equals to or less than 0.4 W/m2 K). This
agreement appeared to have provided the platform for insulat-
ing the body wall and despite this regulation, energy consump-
tion in cold chain is still a global challenge and it is reported to
account for 30% of total world energy consumption [23]. In
the same vein, Meneghetti and Monti [27] have reported that
over 40% of all food require refrigeration and about 15% of
the same food are being refrigerated due to energy shortfall.
In the study conducted by Glouannec et al. [18], it is reported
that there are estimated 4 million food transport vehicles in the
world and predicted 2.5% increase in the global road freight
transport by 2030. This prediction is catastrophic considering
the environmental impact of cold chain in view of its energy
consumption and emerging implication.
World leaders are currently faced with the challenge of
climate change and every resources are being deplored to
mitigate its impact on the environment. Sustaining the nature
and the climatic environment is a big task to avoid impending
and looming danger. Many researchers [2,28] have predictedTable 1 Potential carbon emission from refrigerated vehicles exclu
Category of
vehicle
Room condition
or ambient
Single drop
(chilled)
Multi-drop
(chilled)
Sing
tem
Medium size 88 106 109 112
Large class 85 102 105 108
32 ton
articulated
vehicles
56 69 70 73
38 ton
articulated
vehicles
51 61 63 65that the world may naturally go into oblivion if sustainable
and pragmatic steps are not taken to reduce fossil fuel
consumption which is widely acknowledged to be the major
source of carbon emission. Diesel engine driven vapour
compression system accounts for huge fuel drain in transport
system. A signiﬁcant CO2 emission from the refrigerant
leakage has equally been source of concern in food transport
system. Tassou et al. [31] have studied diesel engine driven
vapour compression refrigeration system and concluded that
40% of the greenhouse gas emission results from vehicle’s
engine and refrigerant leakage. Multi-drop temperature
controlled refrigeration system is reported to consume more
energy in food chain due to air inﬁltration as a result of
frequent door opening. Table 1 shows CO2 emission from
vehicle engines using an emissions factor for diesel of
2.668 kg CO2 per litre. For a 38 ton articulated vehicle class,
the CO2 emission of 58 kg CO2/pallet-km is recorded while
115 kg CO2/pallet is reported for multi-drop frozen medium
rigid vehicle class. Also, CO2 emission from refrigerant leakage
is also a cause of concern to many environmentalists [26,20].
Based on the above, alternative refrigerant may be the best
option for refrigerant R404A which has been criticized to be
a major contribution to global warming in view of its incessant
leakage which could raise the CO2 emissions from food trans-
port system up to 40% from the vehicle engine (see Table 2).
Finnveden et al. [15] have similarly reported 21% of annual
refrigerant leakages which is also in the range predicted by
Tassou et al. [31]. This study gives the impact of food preser-
vation system on the environment in view of the energy
consumption associated with the process. Energy utilisation
is a key to social modernization and efforts must be intensiﬁed
to adopt best international practices to combat climate change
which is now a global monster.2. Energy consumption in cold chain
Preserving quality of fresh food involves a multi-dimensional
chain system in which these foods are refrigerated at a lower
temperature condition. Different temperature requirementsding refrigerant leakage (g CO2/pallet-km) [31].
le-drop (frozen and varying
perature condition)
Multi-drop (frozen and varying
temperature condition)
115
111
75
67
Table 2 Potential carbon emission from refrigerant leakage (g CO2/pallet-km) [31].
Vehicle class Refrigerant charge (kg) Average volume load Annual leakage rate for R404A (per cent of system charge)
5% 10% 15% 20% 25% 30%
Medium size 5.0 5.78 1.7 3.3 5.0 6.7 8.3 10
Large class 6.0 8.69 1.3 2.7 4.0 5.3 6.7 8.0
32 ton articulated vehicles 6.5 11.24 1.1 2.2 2.6 4.5 5.6 6.7
38 ton articulated vehicles 7.0 14.38 0.9 1.9 2.5 3.8 4.7 5.6
Table 3 Temperature requirement of selected fresh food.
Fresh food Temperature
requirement (C)
Fresh ﬁsh (in ice), crustaceans and shellﬁsh
(excluding live ones)
+2
Meat and cooked meats pre-packaged for
consumer use
+3
Cooked meats other than those which have
been salted, smoked, dried or sterilized
+6
Butter and edible fats, including cream to be
used for butter making
14
Deep frozen foods 18
Fishery products 18
Table 4 Energy requirement in different sizes of cold stores.
Cold store sizes Energy requirement (kW h/m3 year)
10,000 100
1000 200
100 600
10 1500
Sustaining the shelf life of fresh food 1361exist in fresh products and these temperature requirements
must be sustained to keep these products alive (Table 3).
In developing countries where there is enormous shortfall in
power generation and also lack of technical know-how to
explore environmental friendly energy, fossil fuel is highly
explored as alternative means of energy. This convectional fuel
source has been widely reported [6] as global emission of
carbon dioxide which is a major contributor to global
warming. Keeping raw food in a cold store is purposely forTable 5 Fossil fuel consumption of food transport. Adopted from
Food transport
by type
Fossil fuel required (miles
per gallon)
Fuel required (litres
per 100 km)
E
2
Rigid 3.5–7.5t 12.3 23 4
Rigid 7.5–14t 10.5 31 2
Rigid 14–17t
Rigid 17–25t 7.4 38.2 2
Rigid over 25t 6.4 44.1 2
Articulated 3.5–
3.3t
7.8 36.2 1preserving quality. Table 4 shows speciﬁcation of energy
consumption in cold store.
Fresh food transport system is another cold chain where
huge volume of energy is needed to keep raw food in safety
condition. Transportation of fresh food through diesel engine
driven vapour compression refrigeration system is energy
intensive especially in multi-drop system. The study performed
by Dincer [11] investigated energy application and its environ-
mental impact. The article noted that environmental impact of
energy use will continue to be felt in developing countries as
highly developed countries continue to expand their industrial-
ized base in developing countries. Several demographers have
envisaged that the world population will hit a record high of
15 billion in 2030 and 60% of these people will reside in
developing countries. To further illustrate fossil fuel consump-
tion in cold chain, Tassou et al. [31] embarked on a study to
access the performance of refrigerated road vehicles with
emphasis on diesel consumption in different classes of vehicle
type. The result is shown in Table 5 and further validated by
similar position taken by Brown et al. [4] on vapour compres-
sion refrigeration system.
3. Environmental burden of vapour compression refrigeration
system
Several researchers have reported that developed countries
currently emit over 15% of greenhouse gases and it is
estimated that the emission is likely to increase in view of
continuous population explosion. Third world countries are
now faced with this same challenge as industries emerge with
little or no regard to environmental standards. Of most
concern is the emission of carbon dioxide (CO2), sulphur
dioxide (SO2) and nitrogen oxides (NO) all resulting from
the burning of fossil fuel which is widely reported to be a major
contribution to acid rain and air pollution. Preserving foodTassou et al. [31].
stimated distance covered in
004 (million km)
Total fossil fuel consumed in 2004
(million litres)
410 1000
072 540
310 880
652 1200
351 490
Table 7 Impact of emissions (CO, CO2, CH4, CFCs) on
environment [29].
Emissions from
DEVCRS
GHG
eﬀect
Ozone
depletion
Acid rain
precipitation
Smog
CO z z z z
CO2 x x/y z z
CH4 x x/y z z
NO and N2O z x/y x x
CFCs x x z z
SO2 y x z z
O3 x z z x
Where, x stands for potential contribution and y indicates negli-
gible inﬂuence to the effect under study while z indicates ‘may not
be a general contributor’. DEVCRS stands for Diesel engine
vapour compression refrigeration system.
Table 8 Literature assessment of vehicular engine gaseous
emission and its projected growth rate.
Emission Existing
concentration
(ppm)
Annual
projected
growth
rate (%)
Contribution
to greenhouse
eﬀect (%)
Reference
CO2 345 0.4 70 Wolde-Rufael
[36]
CH4 1.64 1.0 8 Xu et al. [37]
N2O 0.34 0.2 18 Duan et al. [14]
1362 O. Adekomaya et al.system consumes about 20% world energy and as a result of
this action, the earth temperature continues to rise with no
end in sight.
Copenhagen conference on climate change has given more
impetus to increased global temperature rise which is a pointer
to continuous global warming and depletion of ozone layer.
World leaders have failed to reach a census agreement on
mitigating earth temperature rise at Copenhagen conference
in 2009. The accord which gives a clear political road map to
constrain carbon emission in short and long term basis failed
to provide implementation strategy to effectively monitor
member countries. The Copenhagen agreement developed a
robust and sustainable approach on which there was for the
ﬁrst time a consensus opinion among several countries. One
of the laudable agreement in the conference is to limit the
maximum global average temperature rise to no more than
two degrees Celsius, subject to further review in 2015.
Although, this agreement has been criticized by a lot of
researchers, especially in vulnerable countries where the
adverse effects of the climate change are more pronounced.
Their position was anchored on the premise that 1.5 C remain
the most sustainable earth temperature rise. Also, of critical
importance to note in the conference is the unanimous com-
mitment among member countries to reduce overdependence
on fossil fuel in energy application. Fossil fuel is believed to
be a major contribution to climate change and global warming
and the conference agreed to explore renewable energy source
as a sustainable alternative.
It has been established in many literatures [16,5] that emis-
sions such as CO, SO, and NO, from diesel engine driven
vapour compression refrigeration system contribute to long-
range environmental disaster as evidenced in the depletion of
ozone layer and resulting in increased water level rises.
Although CO2 and SO2 emissions have been substantially
reduced through improved technological innovations in devel-
oped countries, Third world countries continue to suffer from
effect of emission of CO and CO2. China and United States
remain the leading emission of greenhouse gas and these emis-
sions continue to impact developing countries negatively.
Table 6 shows some of the greenhouse gas emission from fossil
fuel energy in 2005 which ranked United States as the highest
CO2 emission followed by the European Union and the China.
Environmental impact of these greenhouse gases is shown
in Table 7. The gaseous pollutants are analysed in terms of
its potential to precipitate greenhouse effect, ozone layerTable 6 GHG emissions from fossil fuel and Agriculture in
2005 [13].
Continent/
Country
CO2
emission
GHG
emission
from
Agriculture
GHG
emission
from fossil
fuel
Ratio of
energy to
Agriculture
GHG
World 5.8 0.9 4.4 4.9
USA 23.4 1.5 20.4 13.6
EU 10.8 1.0 8.5 8.5
Latin
America
5.3 1.8 3.0 1.7
China 5.5 0.9 4.1 4.6
India 1.7 0.4 1.1 2.8
Africa 1.4 0.4 0.8 2.0depletion, acid rain effect and smog. These data are based
on publication from the literature as shown in the references
cited.
It is also of interest in many literatures to analyse the role of
each of the gaseous emission in terms of their potentials to cause
greenhouse effect. Table 8 below presents literature assessment
of gaseous emission majorly from diesel engine compression
system. CO2 is projected to be the major contribution of
greenhouse gas with the growth rate of 0.4% and existing
concentration of 345 ppm. This analysis reveals that sustainable
measures need to be taken to contain this predicted growth rate.
4. Preservation of fresh food under low temperature conditions
Preserving fresh food mainly vegetable under sub-zero weather
condition is another medium through which energy is being
drained in vapour compression refrigeration system [34]. The
heating capacity of the refrigeration system is made to operate
in reverse cycle when the ambient temperature is noticed at
30 C while the effective refrigeration capacity of the unit is
set at 0 C. This process is mandatory to sustain green
vegetable for almost a month and process is acknowledged
in the literature as energy demanding [35,24]. This energy
consumption is phenomenon and it is estimated that this
process could account for 2% of world energy demand [25].
5. Sustainable technologies to mitigate impact of vapour
compression Technology
The principle of vapour compression technology has to, to a
larger extent, prolong the shelf life of fresh food and it is
Table 9 Alternative technology to vapour compression system.[4]
Method Predicted eﬃciency (%) Developmental state Coeﬃcient of
performance (%)
Limitation
barriers
Sustainability and
prospect
Eutectic 30–40 Commercial 40–50% Already in use Average
Thermoelectric 20–30 Commercial 10–15% High Fair
Thermotunnel 50–80 Experimental No data Very high Average
Thermoacoustic 60–100 Prototype 20% Medium Good
Magnetic 60–60 Prototype 20% Medium Good
Thermionic 20–30 Experimental <10% High Poor
Vapour compression system 70–80 Commercial 65% Already in use
Sustaining the shelf life of fresh food 1363noteworthy to emphasize that this technology is done at the
detriment of the nature. The world is currently under serious
threat due to climate change and it is predicted that its adverse
effect will be more pronounced in the coming years if alterna-
tive methods are not sought to tackle the effect of food chain.
van Hauwermeiren et al. [33] have reported on the need to
reduce food preservation time as the only viable way to reduce
its impact on the environment. According to Duan et al. [14],
reducing food preservation time could only worsen shelf stor-
age life and farmers are likely to be at the receiving end. They
recommended 5% slight reduction in storage with humidity
monitoring could reduce refrigeration load by 9.25% which
will ultimately reduce total store energy load. Table 9 shows
some of the existing alternatives to vapour compression refrig-
eration system as reported in the literature. Some of these tech-
nologies are still at the experimental stage but their potential to
compete with vapour compression system is explored and pre-
sented as reported in the literatures. All these alternatives seem
to be facing development barriers at one stage or the other. In
case of eutectic system, it is reported to be suitable for short
delivery distance since the tube that contains the eutectic solu-
tion (phase change material) still needs to be charged from
main power [17]. This is a major drawback to the usage of
eutectic system because main power supply may sometimes
depend on fossil fuel powered energy system which is a major
threat to environmental sustainability. Further analysis of
Table 9 shows signiﬁcant improvement in some of the alterna-
tives presented but a lot still need to be done to raise the the-
oretical Carnot efﬁciency of some alternatives to practical
performance.
Another possible way to cut back overdependence on diesel
engine driven vapour compression system is to explore envi-
ronmental friendly energy systems [8]. Dagdougui et al. [10]
also recommended gradual shift from fossil fuel energy to a
cleaner and reliable energy. Biofuel energy was considered by
Chiellini and Morelli [8] to be a suitable replacement for fossil
fuel. In addition, minimising preservation time could be a
more sustainable mean of reducing storage and this could be
partly achieved by using railways in transportation of perish-
able citrus fruits [3].
There are over four million refrigerated road vehicles
worldwide [18] and the impact of carbon emission from these
vehicles accounts for over 40% of world greenhouse gas [21].
Advanced composite materials could be explored by many
manufacturers to reduce the impact of insulated panel on
refrigerated vehicle engine. Energy consumption in food trans-
port system could be as a result of the weight of insulated panelwhich is reported to be a payload on food transport in situation
where aluminium sheet is used as the internal and external
sheet of the reinforcing panel [19]. Insulated bodies of food
transport vehicles conveying perishable foodstuffs are mea-
sured by the value of overall coefﬁcient of heat transfer
(k-value). Thermal conductivity value (k) of aluminium sheet
is over 200 W/m K as reported by Dragano et al. [12] and
the inﬂuence of ambient temperature is pronounced with
higher k value of aluminium sheet [22]. A more sustainable
approach is to explore ﬁbre reinforced polymeric composite
to replace the internal and external wall sheet of insulated
panel. Polymer materials have been reported [7] to have excel-
lent speciﬁc strength properties and high modulus [9]. These
peculiar properties could be investigated and processed to
develop a comparable panel to replace the aluminium sheets.
Signiﬁcant fossil fuel energy could be saved while exploring
this process. In the light of the above, many authors
[1,38,32] have also afﬁrmed that polymer composite hardly
dissipates heat and therefore poor conductor of heat. This
lower thermal properties of polymer composite could also
reduce interference from ambient temperature into the refrig-
erated chamber thereby reducing thermal load required from
the compressor for the cooling system.6. Conclusion
In this study, the authors have established the impact of diesel
engine driven refrigerated vehicles on the environment and the
impact may be critical in the future if sustainable approach is
not adopted to minimise energy consumption in food chain. In
view of the information and data presented in this research, it
appears that world leaders need to be more proactive to avert
this imminent catastrophe by developing a road map for
energy conservation and mitigation. Fossil fuel energy is not
deﬁnitely a sustainable energy for the future and its utilization
continues to surge despite its damaging effect on the environ-
ment. This trend must deﬁnitely be checkmated.
The following cogent conclusions are drawn from this
study:
 The environmental inﬂuence of emission from food
transport vehicles is established to account for 40% of
global greenhouse effect. The capacity, intensity and
environmental inﬂuence of these transport systems can
be reduced through the use of phase change materials
(eutectics).
1364 O. Adekomaya et al. Alternative technologies appear not to have performed at
optimal level compared to diesel engine driven vapour com-
pression system and the best approach to reduce energy
drain in food transport system is replacing the metallic
internal and external wall sheet of the insulated panel.
 Renewable energy could be explored as an alternative to
fossil fuel energy in which its impact on the environment
is virtually negligible as reported in many literatures [30,6].
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